A ltın nanopartiküller (AuNPs) ile zenginleştirilmiş 5-amino-2-mercapto-1,3,4-thidiazole (AMT) modifiye impedimetrik sensörler, Hepatit B virüsüne (HBV) ilişkin dizi seçimli DNA hibridizasyonunun elektrokimyasal olarak izlenmesi için geliştirilmiştir. AMT-AuNP-PGE ler daha fazla miktarda DNA'nın AMT-AuNPs-PGE yüzeyine bağlanması için uygun bir yüzey sağlamış ve daha tekrarlanabilir impedimetrik sinyaller vermiştir. AMT-AuNP ile modifiye edilmiş DNA biyosensörlerin seçimliliği, hedef DNA, veya diğer DNA dizileri; rastgele dizi (NC), mutasyonlu dizi (MM) varlığında test edilmiştir. Tayin sınırı 86 µg/mL olarak hesaplanmıştır.
INTRODUCTION
E lectrochemical biosensors exhibit many advantages in the sensing technology. Some of them are high sensitivity and specificity, smaller analyte volume, easy fabrication, rapidity, low cost, and the possibility of instrument miniaturization [1] [2] [3] [4] .
The inert metals are generally used for the design of electrochemical sensors since they exhibit excellent electrochemical behaviors and are stable in biological environments. The electrodes that have been most preferentially used for electrochemical biosensors are gold [5, 6] , platinum [7] , and glassy carbon [8, 9] , although these electrodes are very expensive, hard for treatment, and time consuming development process. Especially in routine analysis, the use of those kinds of electrodes has not been affordable and practical to use. Therefore, there is a considerable interest to the design of these (nano) materials and apply them for surface modification of different electrodes.
Pencil graphite electrodes (PGEs) have been preferentially used in electrochemical biosensor studies owing to being cheaper and disposable [10] [11] [12] [13] [14] . After modification of these single-use electrodes by different nanomaterials, more sensitive measurements could be obtained by nanomaterials based PGEs.
There are different ways in order to prepare Au nanoparticles immobilized electrodes. One of them is to use Au nanoparticles as colloidal, and another one is modifying electrode surface by Au nanoparticles by electrodeposition. The Au nanoparticles, which were immobilized onto the electrode surface, can be conjugated with the analyte (i.e. antibodies or ssDNA). The sensing interface that contains Au nanoparticles, offers increased electrode surface, and chemical accessibility to the analyte through these networks.
The most common applications of Au nanoparticles to biosensor development are related to the specific immobilization of proteins, oligonucleotides etc. onto the modified surfaces [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
An impedimetric DNA sensor based on the displacement of gold nanoparticles (AuNPs) by target DNA was developed by Gao et al. [27] for the high sensitive detection of DNA hybridization. In their study, a thiol linked ssDNA was immobilized onto the gold electrode surface after that positively charged Au nanoparticles in 5 nm particle size were attached to the immobilized thiol linked ssDNA by electrostatic interaction. It was reported that the decrease in the electron transfer resistance (Rct) obtained after Au nanoparticle modification. The hybridization of target ssDNA was occurred by displacement of AuNPs by target ssDNA and this led to an increase in Rct value [27] .
Another impedimetric biosensor based on Au nanoparticles was introduced by Rezaei et al. The stainless steel (SS) working electrode was modified with 3-aminopropyltriethoxysilane (APTES) and then AuNP was deposited onto the APTES modified electrode by electrochemical method. The resulting impedimetric immunosensor was used for the determination of doxorubicin by immobilizing specific monoclonal antibodies on the surface of APTES-gold nanoparticle modified electrode [28] .
A different immunosensor based gold nanoparticle was also developed for the determination of Insulin-like growth factor-1 (IGF-1) resulting with a high sensitivity. In this modification process, first, 1,6-hexanedithiol (HDT) was immobilized onto the gold electrode surface, and the HDT gold electrodes were then dipped up in colloidal gold nanoparticles solution for 44 h [29] . The carboxyl functionalized multi-walled carbon nanotubes modified screen-printed electrodes were used as the platforms for impedimetric detection of hybridization related to sequence specific for transgenic insect-resistant Bt maize. After hybridization, streptavidin modified gold nanoparticles were used for signal amplification [30] .
In our study, disposable pencil graphite electrodes were firstly modified with 5-amino-2-mercapto-1,3,4-thidiazole (AMT-PGEs) and then AMT-PGEs were modified using gold nanoparticles (AuNPs) by the specific interaction of thiol groups of AMT with gold.
These electrodes were then applied for the electrochemical monitoring of sequence-selective nucleic acid hybridization related to Hepatitis B virus (HBV). The PGEs are used as disposable, which is also very important for fast and cost-effective monitoring of genetic diseases under the scope of DNA biosensors.
To the best of our knowledge, this is the first report presenting the single-use electrochemical biosensor modified with AMT-AuNP developed for impedimetric detection of HBV DNA hybridization. The surface characterization of these electrodes was performed by scanning electron microscopy (SEM). All experiments were performed by using electrochemical impedance spectroscopy (EIS) technique and the resistance of charge transfer (R ct ) was measured. The effect of changes upon to biosensor response was explored such as the dilution rate of AuNP, probe DNA concentration, target DNA concentration as well as selectivity of AMT-AuNP modified DNA biosensor.
MATERIALS and METHODS

Apparatus
All impedimetric measurements were performed by using IVIUM Compact Stat Plus Module connected to a conventional three electrode system. Pencil graphite electrode (PGE) was used as working electrode. The pencil graphite leads were obtained from Live Co. (Tombow, type HB, 0.5 mm diameter). Ag/AgCl/KCl reference electrode (BAS, Model RE-5B, W. Lafayette, USA) and a platinum wire as the auxiliary electrode. During EIS measurements the electrochemical cell was kept in the Faraday cage (EF-1085 C3).
Chemicals
Gold nanoparticles were purchased from Aldrich as colloidal (10 nm in particle size). AMT was purchased from Sigma-Aldrich. Dimethylformamide (DMF) was purchased from Merck.
The synthetic oligonucleotide was purchased from TIB-MOLBIOL (Berlin, Germany). These base sequences are:
Complementary 5'-TAT ATg gAT gAT gTg gTA TT-3'
Single-base mismatch (MM):
5'-TAT cTg gAT gAT gTg gTA TT-3' Noncomplementary (NC): 5'-AAT ACC TgT ATT CCT CgC CTg TC-3' Stock solutions of oligonucleotide (500 µg/mL) were prepared in Tris-EDTA buffer solution (TE, pH:8.00) and kept frozen. The dilution of the probe solutions was carried out in 0.5 M acetate buffer solution (ABS) containing 20 mM NaCl (pH:4.80). All other chemicals were in analytical reagent grade and they were supplied from Sigma and Merck. Ultrapure water was used throughout the experiments.
Procedure Preparation of AuNP-AMT-PGE and Thiol Linked Probe Immobilization onto the Surfaces of this Electrode
PGEs were first electrochemically pretreated in ABS by applying +1.40 V for 30 s. Each pretreated pencil lead was then immersed into the vials containing 110 µL of 3000 µg/mL freshly prepared AMT solution for an hour to make an AMT layer on the electrode surface [31] . Each of this AMT modified PGEs were placed at upside down position in dark for 30 min to allowed to dry. AMT PGEs were later immersed into the vials containing 110 µL of 1/10 diluted AuNP solution for 1 hour. After these procedures, the modified electrodes were immersed into 50 µg/mL of DNA probe solution for an hour. Each of the electrodes was then dipped into the ABS solution for three times to remove nonspecifically absorbed DNA from the electrode surface before impedimetric measurements.
Fabrication of AuNP-AMT-PGEs and DNA binding strategies onto the modified electrodes is schematically illustrated in Scheme 1. The use of AMT for modification step of AuNPs is important because of two active groups (amine and thiol groups) since AMT is having. Amine groups strongly bind to carboxyl groups of pretreated graphite electrodes by the electrostatic interaction. In addition, thiol groups provide strong and dense attachment to the gold nanoparticles. These gold nanoparticles provide also more and strong immobilization of thiol labeled DNA onto the electrode surface as a result of the specific interaction [31] .
Microscopic Characterization of PGEs
Quanta 400 FEI, field emission scanning electron microscope (FE-SEM) (Tokyo, Japan) was used for microscopic characterization of unmodified, AMT modified and AuNP-AMT modified PGEs in resolution magnitude 10 µm and 100 µm.
Impedance Measurements
Electrochemical impedance spectroscopy (EIS) measurements were performed in the presence of 2. 
RESULTS and DISCUSSION
The microscopic characterization of unmodified, AMT modified and AuNP-AMT modified PGEs were examined by using SEM in 10000X magnitude. The surface roughness of unmodified PGE was monitored clearly in Figure 1a . The smooth surface was obtained after AMT immobilization since the PGE surface was covered homogeneously with AMT film as seen in Figure 1b . After AuNP modification AuNPs were clearly seen in both higher (10000 X) and lower magnitude (1000X) (As seen in Figure 1-c and d) . The brightness of the surface was assignable to the AuNP modification. Homogeny dispersion of AuNPs was also clearly seen in Figure 1 c. Figure 2 compares the R ct values of 50 µg/mL SH-HBV probe immobilized electrode surfaces in different stage modification. The highest and more repeatable R ct values were obtained by using AuNP-AMT-PGE. It can be explained that amine groups of AMT strongly bind with the carboxyl groups of the activated graphite and the result is the densely populated AMT presence on the electrode [31] . Accordingly more gold nanoparticles were strongly bonded via its thiol groups to the surface of AMT-PGE due to the affinity of gold to thiol groups [32] [33] [34] [35] [36] . By using thiol linked DNA probe, more DNA bonded to the electrode surface with higher stability due to the affinity of gold to thiol groups.
The electrodes were pretreated before AMT immobilization and 3000 µg/mL AMT was used for full coverage of the electrode surface according to our previous study [31] . AuNP dilution ratio was studied to investigate the convenient quantity of AuNP at the modified AMT-PGE surface. AuNP dilution ratio was studied for various ranging from 1/3 to 1/20. The electron transfer resistance was measured both after AuNP modification and after SH-HBV probe immobilization. The results were illustrated in Figure 3 . After AuNP modification owing to AuNP catalysis the electron transfer, R ct values decreased from 1/3 dilution ratio up to 1/10. After 50 µg/mL SH-HBV probe immobilization onto the electrode surface, the R ct values increased up to 1/10 due to negatively charged phosphate groups of DNA, however, the response leveled off after 1/10. Thus, it was chosen as the optimum dilution ratio of AuNP for our further studies.
The effect of SH-HBV probe concentration based on R ct values was also investigated in different SH- HBV probe concentrations from 1 to 20 µg/mL (As seen in Figure 4 ). After 60 min immobilization time, the highest R ct value was measured when the SH-HBV probe concentration was increased to 5 µg/mL, and then it leveled off. Since the higher and more repeatable R ct values were obtained in the presence of 5 µg/mL probe concentration (496.7 Ω, RSD= 6.4%, n= 3), it was chosen as the optimum probe concentration while indicating the full coverage surface of AMT-AuNP PGE.
The selectivity of hybridization between thiol linked HBV probe and complementary (target) DNA, one base mismatch (MM) and noncomplementary (NC) was also checked by using these AMT-AuNP modified graphite sensors (As shown in Figure 5 ). An increase at Rct values are expected owing to increase of negatively charged phosphate groups as a result of hybridization. The highest R ct value was obtained in the presence of full hybridization of the probe with the complementary sequence (i.e, 857.3 Ω RSD= 6.1%, n= 3). On the other hand, a lower R ct value (i.e, almost same with the R ct value of probe alone) was measured in the case of hybridization of the probe with a one-base mismatch (MM). Moreover, the lowest R ct value was recorded in the presence of hybridization of the probe with a non-complementary sequence (NC). The mean of these parallel results could be attributed that no hybridization occurred between probe and MM, or probe and NC. AMT-AuNP PGE has exhibited a good selectivity to its target DNA in comparison to the non-complementary DNA.
The detection limit of the probe for target DNA was studied in varying target DNA concentrations from 0 to 15 mg/L (As shown in Figure 6 ). R ct value was increased up to the target concentration of 10 µg/mL, and then it leveled off. The detection limit (DL) is calculated as 0.86 µg/mL (0.138 µM) according to the method reported by Miller and Miller [37] . The relative standard deviation was calculated as 5.9% (n= 4) when the target DNA concentration was 10 µg/mL.
CONCLUSION
A novel impedimetric DNA biosensor based on AuNP-AMT modified disposable graphite electrode was introduced for the first time in our study.
The modification of these electrodes is relatively easier and this process does not require time-consuming, sophisticated instruments and special training in comparison to earlier AuNP based biosensor study [38] for the monitoring of electrochemical DNA hybridization.
AMTAuNP modified electrodes have some important advantages. These electrodes used here are disposable, cost-effective and these modified electrodes can also provide enhanced DNA response, which are crucial properties for the development of DNA chip technology in future. Moreover, the treatment of the electrodes by AMT before AuNP modification can facilitate more suitable and stable surface with short modification time for AuNP binding to the electrode surface. Thus it provides more DNA binding.
AMT-AuNP modified electrodes presented a lower detection limit in contrast to earlier DNA biosensor studies based on nanomaterial modified electrodes [4, 39, 40] .
